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Heterodyne frequency measurements, accurate to 20 kHz, of 35 lines of the 00°2-{10°1,02°1),
band (10.4 gm) and 33 lines of the 00°2-[{10%1,02°1];; band (9.4 um) of CO, have been made
with a sequence band CO, laser stabilized to line center using the sub-Doppler 4.3-um fluorescence.
A saturated 4.3-um fluorescence-stabilized regular band CO, laser was used as the frequency
reference for the heterodyne measurements. New molecular constants were obtained from a least-
squares fitting of these new measurements and the previous measurements. Calculated frequency
and wavenumber tables for CO, sequence band transitions using the new constants are presented.
Frequencies of the transitions from the ground state to the 00°2, [10°1,02°1],, and [10°1,02°1},
levels have been accurately determined to an accuracy of 0.2 MHz by adding the sub-Doppler
heterodyne frequency measurements of the [10°1,02°1],-00°0 transitions made by A. Groh, D.
Goddon, M. Schneider, W. Zimmerman, and W. Ubran (J. Mol. Spectrosc. 146, 161-168, 1991 ).
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INTRODUCTION

The sub-Doppler stabilized CO, laser has many applications for both high-resolution
molecular spectroscopy and secondary frequency and wavelength standards. However,
only the regular band CQ, lasers are often used because saturated 4.3-um fluorescence
stabilization (/) is easily applicable to the regular band transitions, and hence their
frequencies can be accurately measured (2, 3). The range for using this unique spec-
troscopic laser source is limited by the lack of good stabilization techniques and accurate
frequency measurements for the other CO, laser bands, such as the 01 [-{1'10,03'0],
hot bands and the 00°2-[10°1,02°1],; first-sequence bands.

The first frequency measurements of the CO, sequence band laser transitions were
performed by Siemsen and Whitford in 1977 (4). Because their sequence band laser
was locked to the peak of the output power, the accuracy of their results was Doppler
limited (1-2 MHz). The first sub-Doppler-limited frequency measurement on the
sequence band was made in 1990 by Zink ef al. (5); however, only one transition,
the P(33) of the 00°2-[10°1,02°1]; band, was measured. Later Shieh et al. (6) reported
another sub-Doppler-limited determination of frequencies of 19 lines with an accuracy
of about 400 kHz. Both groups used the optogalvanic Lamb-dip in an external CO,
discharge cell to stabilize their sequence band lasers. The main source of uncertainty
comes from instabilities in the sequence band lasers. We have recently developed a
modified fluorescence scheme (7) to stabilize a CO, laser oscillating on the first-se-
quence bands. Compared to optogalvanic Lamb-dip stabilization, this fluorescence
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stabilization provides a better signal/noise ratio and can operate at a lower CO, pres-
sure, reducing the pressure broadening and pressure shift. Using this method, we also
stabilized the hot band lasers, including the newly observed 9-um hot band (8), and
measured their transition frequencies (9).

In this paper we report our heterodyne transition frequency measurements of 00°2—
[10°1,02°1];;; bands of CO, using a 4.3-um fluorescence-stabilized sequence band
CO; laser. We have used new, more accurate, values of the regular band transition
frequencies as reference frequencies (9). We achieved an estimated uncertainty of less
than 20 kHz for the sequence band transition frequencies. Improved molecular con-
stants were also obtained by the least-squares fitting of new and previous measurements.

EXPERIMENTAL DETAILS

The measurements were performed at both NIST (National Institute of Standards
and Technology) and NTHU (National Tsing Hua University, Taiwan, Republic of
China) using quite similar techniques. Sixty-eight sequence band lines were measured:
45 at NIST and 26 at NTHU (3 lines were measured at both NIST and NTHU). The
scheme of our heterodyne frequency measurements is shown in Fig. 1. The cw sequence
band CO, lasers that were used in each experiment differ in the method of selecting
the sequence band lines.

Sequence band lines can be selected either by placing a hot CO, absorption cell
inside the cavity of a conventional CO, laser ( 10) or by using a laser cavity with special
wavelength discrimination (8, 17, 12). The NIST high-resolution laser used the second
approach; it has a multiribbed tube and a 171 line/mm diffraction grating. This laser
has an active discharge length of 1.34 m and uses a flowing gas mixture of 10% CO,,
12% N,, and 78% He. The windowless laser cavity consists of a Littrow-mounted
grating and a 10-m radius gold coated mirror with a separation of 1.5 m. The zeroth-
order reflection of the laser grating is used as the laser output. The laser oscillates on
many sequence band lines;, however, it was impossible to select those which are close
to the regular band lines.

In order to measure the frequency of those lines which the NIST CO, laser cannot
select, the NTHU measurements used the hot cell method for sequence band line
selection. The NTHU gas-flow CO; laser, which was used in previous work (6), has
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FIG. 1. Experimental setup for the heterodyne frequency measurements.
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a 3.65-m cavity length and its cavity consists of a 150-line/mm grating and a 99 or
95% ZnSe output coupler with a 5-m radius of curvature. The total discharge length
is 2.3 m. A 0.6-m-long hot cell near the grating is used to suppress the regular band
oscillation. With a laser gas mixture of 12% CO,, 18% N,, and 70% He, total pressure
1733 Pa (13 Torr) and CO, temperature in the hot cell of about 260°C, we are able
to obtain more than 1 W for most of the sequence band lines.

A modified 4.3-um saturated fluorescence stabilization technique is used to stabilize
the sequence band CQO, laser. A discussion of the principle of this technique can be
found in Ref. (7). Here we briefly describe our operating conditions. We use a lon-
gitudinal cell where the detector field of view is located along the laser beam. The cell
involves the flow of pure CO, heated to 300-380°C at a pressure of 26 Pa (200
mTorr). It utilizes a quartz tube with an internal gold coating. Except for some weak
lines, the frequency stability achieved was less than 20 kHz. Our regular-band CO,
laser uses a conventional, transverse-type, 4.3-um fluorescence cell filled with a reference
CO; gas pressure of 5.3 Pa (40 mTorr). Liquid-nitrogen-cooled InSb detectors are
used to detect the 4.3-um fluorescence in both longitudinal and transverse celils.

The reference laser beam as well as the sequence band laser beam are focused onto
the point-contact metal-insulator-metal (MIM ) diode as shown in Fig. 1. When the
difference frequencies are higher than | GHz, the beat signals are further down-con-
verted by feeding a microwave frequency to the MIM diode. A synthesized microwave
signal generator serves this purpose. The frequency of the microwave is chosen so that
the final difference frequency is within the 1-GHz bandwidth of the rf preamplifier.
The frequency » to be determined is then given by

V = Vrer + (meicr + Vbeal)* (l)
Where vier, Vmicr. and e, are the frequencies of the reference laser, microwave, and
the resulting beat signal, and #z is the harmonic order of the microwave generated in
the MIM diode. The output signals were observed using a spectrum analyzer. The
frequencies were measured by comparison with a known marker frequency. The signal
for the frequency marker was generated by a signal generator which was locked and
counted by a microwave frequency counter. This method allows us to decrease the
marker readout error to 1 kHz.

The beat frequency was usually averaged for 1 min (30 sec for the NTHU mea-
surements ). Typically, five measurements were taken for each sequence band transition
(12-16 for the NTHU measurements); each time the laser was carefully locked to the
center of the saturation dip. The relative phase and amplitude of the frequency dithers
of the two lasers were adjusted to minimize the width of the beat notes to about 600
kHz for each experimental setup.

Before the start of the NTHU measurements a two-step calibration procedure for
the measurement section was made. First, we measured the difference frequency be-
tween two 00°1-[10°0,02°01;, regular band transitions, the 9 R(24) and 9 R(26); sec-
ond, we measured the frequency of the 9R(9), 9R(27) and 9 P(19) lines of the 0092
[10°1,02°1];; sequence band which had been previously measured at NIST. All these
calibration measurements showed good agreement with the new value for the regular
band transition frequency {9) as well as with the measured values for the sequence
band transition frequencies at NIST.

RESULTS

The combined results of the measurements are listed in Tables I and 11 for the 10.4-
and 9.4-um sequence bands. The standard deviation of the frequency measurement
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TABLE 1

Observed Beat Frequencies for the 00°2-[10°1,02°1],
Laser Band

Seq. Line  Ref. Line®  Beat Freq. Uncertainty Obs.-Cale.
[MHz] MHz] [MHz]

P(45) 10P(46) -29282.476  (0.015) 0.000
P(43) 10P(44) 30 297.403  (0.015) 0.011
P@AD 10P(42) -31299.105  (0.015) -0.005
P(39) 10P(42) 29 460.373  (0.015) 0.041
P(37) 10P(40) 27724.942  (0.015) 0.000
P(35) 10P(38) 26 006.284  (0.015) -0.016
P(33) 10P(36) 24 304.106  (0.018) -0.002
PG 10P(34) 22 618.049  (0.015) 0.020
P(29) 10P(32) 20 947.902  (0.016) 0.012
P2T) 10P(30) 19 293.267  (0.015) -0.009
P(25) 10P(28) 17 653.953  (0.015) 0.017
P(23) 10P(26) 16 029.570  (0.015) -0.007
PQ1) 10P(24) 14 419.920  (0.015) 0.011
P(19) 10P(22) 12 824.641  (0.015) 0.001
P(1T) 10P(20) 11 243.478  (0.015) 0.000
P(15) 10P(18) 9 676.150  (0.019) 0.018
P(13) 10P(16) 8 122.202° (0.015) -0.017
P(11) 10P(14) 6 581.714>  (0.015) 0.000
R(5) 10R(2) -6021.459  (0.015) -0.003
R 10R(4) 7451411  (0.015) 0.003
R©) 10R(6) -8 871.352  (0.015) 0.005
R(11) 10R(8) -10281.639  (0.015) 0.007
R(13) 10R(10) -11 682,553 (0.015) 0.014
R(15) 10R(12) -13074.501  (0.016) 0.001
R(17) 10R(14) -14 457.786  (0.015) -0.002
R(19) 10R(16) -15832.770  (0.015) 0.005
R@21) 10R(18) -17199.798  (0.015) 0.007
R(23) LOR(18) 20 668.560  (0.015) -0.010
R(25) 10R(20) 18 566.316  (0.015) 0.014
R(2T) 10R(22) 16 467.790  (0.015) -0.005
R(29) 10R(24) 14 372.436  (0.015) 0.002
R(31) 10R(26) 12 279.584  (0.015) 0.005
R(33) 10R(28) 10 188.614°  (0.019) 0.007
R(35) 10R(30) 8 098.866° (0.016) -0.009
R(GT) 10R(32) 6 009.730  (0.041) 0.050

# The 10 designation before the reference laser transition
indicates the 10-um transition of the '2C'¢0, laser was used.

® Measurements were made at the National Tsing Hua
Untversity; the other measurements were made at NIST.

for each line was generally better than 20 kHz (only a few high-J lines have 40-50
kHz deviations). The frequency uncertainty of every sequence band transition is pre-
sented in parentheses following the measured beat frequency. The uncertainty assigned
to each measurement was increased whenever necessary to ensure that the deviation
obtained from the fit was not much larger than the uncertainty.

The main contribution to the systematic error is due to a pressure shift of the CO,
line center in the fluorescence cell. Line-center shifts of 15 kHz for the sequence band
transitions and 3 kHz for reference lines of the regular bands are estimated from the
data of Soohoo et al. (13). Even on the assumption that the pressure shifts have
different signs ( /3), the sum is still in the range of the measured uncertainty. Thus
from analyzing the measured data we conclude that the measurement accuracy is less
than 20 kHz.

Due to an accidental overlapping with one line belonging to another band, we found
that the R(21) of 00°2-]10°1,02°1]; band has an anomalous 4.3-um fluorescence
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TABLE 11

Observed Beat Frequencies for the 00°2-[10°1,02°1];,
Laser Band

Seq. Line  Ref. Line®  Beat Freq. Uncertainty Obs.-Calc.
{MHz]  [MHz] [MHz]

PGT) 9P(40) -2260.419®  (0.050) 0.004
P(35) 9P(38) -3324.501°  (0.026) 0.012
P(33) 9P(36) 4 418.636° (0.015) 0.007
P(31) 9P(34) -5 542.693%  (0.015) -0.002
P(29) 9P(32) -6 696.429°  (0.015) 0.005
PQ7) 9P(30) -7 879.624>  (0.015) 0.010
P(25) 9P(28) -9 092.026° (0.015) 0.004
P(23) 9P(26) -10 333.404  (0.015) 0.016
PQ21) 9P(24) -11 603.429  (0.015) 0.011
P(19) 9P(22) -12901.897.  (0.032) -0.005
P(19) 9P(22) -12901.886% (0.029) 0.006
P(17) 9P(20) -14228.420  (0.021) 0.021
P(15) 9P(18) -15584.755  (0.015) 0.019
P(13) 9P(16) -16964.556  (0.022) 0.006
P(11) 9P(14) -18 373.465  (0.015) -0.001
PO) 9P(12) -19 809.153  (0.020) -0.026
P(7) 9P(10) 21271.192  (0.015) -0.006
R(5) 9R(2) -31391.015.  (0.015) 0.022
R(DH 9R(2) 11 982.928° (0.018) 0.005
R(9) 9R(4) 9510.242% (0.023) 0.003
R(9) 9R(4) 9510.234_ (0.015) -0.005
R(11) 9R(6) 7015.093%  (0.015) 0.011
R(13) 9R(8) 4 498.259%  (0.015) -0.005
R(15) 9R(10) 1 960.455> (0.018) -0.004
R(1T7) 9R(12) 597.562° (0.017) 0.003
R(19) 9R(14) -3 175.066° (0.016) -0.009
R(23) 9R(18) -8 385.425>  (0.025) 0.009
R(25) 9R(20) -11 016.782%  (0.022) 0.023
RQT) 9R(22) -13 664.613%  (0.015) 0.005
RC2T) 9R(22) -13 664.697  (0.031) 0.079
R(29) OR(24) -16328.103  (0.015) 0.013
RG1) 9R(24) 17232.726  (0.015) 0.017
R(33) 9R(26) 13 752.537  (0.015) -0.009

# The 9 designation before the reference laser transition in-
dicates the 9-um transition of the '2C'®Q, laser was used.

® Measurements were made at the National Tsing Hua
University; the other measurements were made at NIST.

signal profile. Such overlappings are also reported for some regular and hot band lines
(14). A literature search for possible candidates shows that the transition frequency
of the R(35) line of the [11'1,03'1]-[21'0,13'0,05'0]; band is very close to the
transition frequency of this sequence band line. Preliminary calculations using data
from Rothman ( /5) predicted that the frequency of the R(35)is about 32 MHz higher
than that of the 9-um R(2!) sequence line. Moreover, the energy level of the
(21'0,13'0,05'0}; state is 300 cm ™' lower than the [10°1,02°1];; state. The absorption
of the 9 R(21) laser line comes from these two transitions, and the maximum of the
fluorescence signal profile is obviously blue-shifted away from the saturation dip. The
measured transition frequency of the fluorescence-stabilized 9 R(21) line has a —142
kHz discrepancy from our calculated frequency in Table V and was not included in
Table II or in the least-squares fit. Thus, the 9R(21) sequence band line cannot be
used as a good reference for high-resolution spectroscopy.

Using an acousto-optical modulator, we upshifted the frequency of the sequence
band laser by 40 MHz and observed the fluorescence saturation-dip of the R(35) line
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TABLE 111

Constants (in MHz) for the First Sequence Band Laser Transitions of CO,

constant this work Ref. (19) Ref. (I7) Ref. (18)

0072 —-[10°1,02°13,

vy 28 736 412.218 4(72)*

B’ 11 514.013 441 8(1058) 11 514.015(2)

D' x10? 3.978 312 72(7105) 3.977 4(6)

H'x10" 4.538 519(89772) 3.9(6)

B” 11 603.862 221 8(1066) 11 603.887(9) 11 603.802(15)

D" x10? 3.426 278 65(7843) 3.436(6) 3.387(6)

H"x10"° 58.723 628(162092) 75.(6) -——-
00°2—[10°1,02°1],

vo 31 792 530.830 8(84)

B 11 514.013 441 8(1058) 11 514.015(2)

D'x10° 3.978 312 72(7105) 3.977 4(6)

H' %10/ 4.538 519(89772) 3.9(6)

B 11 617.053 471 1¢1221) 11 617.042(12) 11 617.007(15)

D" x10? 4.724 170 83(14591) 4.713(6) 4.650(6)

H" x10" 67.973 706(675883) 51.(6) -——-

2 The uncertainty (one standard deviation) in the last digit is given in parentheses.
More digits are given than the uncertainty would warrant in order to allow for cor-
relation among the constants.

of the [11'1,03'1],-[21'0,13'0,05'0],; band. The measured transition frequency of
this line was 32 251 570. 645(0.014) MHz which is 38.6 MHz higher than the frequency
of the 9R(21) sequence band line. Since only one line was measured, we cannot
determine the constants of the [11',03'],-[21'0,13'0,05'0];, band.

ANALYSIS

The experimental data shown in Tables I and II were used in a least-squares fitting
to obtain new rovibrational constants for 00°2-[10°1,02°1];, sequence bands. The
present measurements were combined with the earlier heterodyne frequency mea-
surements of sequence band transitions by Siemsen and Whitford (4) and Shieh er
al. (6). The one measurement of Zink ef a/. (5) was also included in the fit. Groh et
al. (16) have made sub-Doppler heterodyne frequency measurements on the
[10°1,02°1],-00°0 transition by using a stabilized CO laser as a frequency standard.

No frequency measurements have been made for J > 46. To ensure that the most
poorly determined constants H, do not badly distort the calculated values, we have

TABLE IV

Frequency Separation of the Sequence-Laser Levels from the Ground
State and Ground State Constants Resulting from the Present Fit

(00°2—00°0) = 140 102 769.78(23)*MHz = 4673.325 363(7) cm'!
vo([10°1,02°11,—000) = 111 366 357.56(23) MHz = 3714.781 829(7) cm"
vo([10°1,02°1];—00°0) = 108 310 238.94(23) MHz = 3612.840 685(7) cm

B, = 0.390 218 956 0(192) cm™*
D, = 1.333 746(60) X107 cm
H, = 1.330(52) X 10" cm*

* The uncertainty in the last digits is given in parentheses.



FREQUENCY MEASUREMENTS OF CO, SEQUENCE BAND TRANSITIONS

TABLE V

Calculated Frequency for the 00°2-[10°1,02°1}; and 00°2-
[10°1,02°1]; Bands of **C'S0, with the Estimated 1-¢ Uncertainties

10-um Band
Line Frequency  Uncertainty Line
(MHz)

9-um Band
Frequency
(MHz)

Uncertainty
(MHz)

)
PIS5) 27 190 387.559 0.110 P{55)
PI§3) 27 256 498.803 0.076 Pi53)
P(61) 27 321 830.274 0.051 Pi{51)
Pl4g) 27 386 387.529 0.032 P{49)
Pi47) 27 4560 175.832 0.019 P(47)
P{45) 27 513 200.155 0.011 P(45)
P{43] 27 575465.191 0.007 P{43)
P41} 27 636 875.3563 0.006 Pla1)
P(39) 27 697 734.785 0.006 P(39)
P(37) 27 757 747.363 0.006 P{37}
P(36) 27 B17 016.704 0.005 P{35]
Pi33) 27 875546.168 0.005 P33}
P{31) 27 933 338.863 0.004 P(31)
P(29) 27 990 397.650 0.004 P(29)
P27} 28 046 725.148 0.004 P(27)
P(25) 28 102 323.738 0.004 P(25)
P(23} 28 157 195.554 0.004 P{23)
P(21) 28 211 342.516 0.004 P{21)
P(19) 28 264 766.302 0.004 P(19}
P(17) 28 317 468.367 0.004 P(17}
P{15) 2B 389 449.947 0.004 P(15}
P{13) 28 420712.033 0.005 P(13)
Pit11] 28471 255.433 0.005 P11
P 9} 28 621 080.712 0.006 P( 9)
PL7) 28 570 188.2256 0.006 Pl 7)
P( 5} 28 618578.113  0.007 P1 B)
P( 3) 28 666 260.303 0.007 P 3)
P{ 1) 28 713 204.508 0.007 P11
Ri 1) 28 782 288.445 0.007 R{ 1)
Rl 31 28 827 445.043  0.007 R( 3)
R( 5} 28 871 880.982 0.006 A 6)
R( 7} 28 915 595.022 0.006 Rl 7)
R( 9) 28 958 $85.709 0.005 R 9)
R(11) 29000 §51.374 0.004 R(11}
R{13) 29042 380.134 0.004 R(13}
R{18) 28083 199.882 0.004 R(15}
R17) 29123 278.329 0.004 R(17)
RI19) 29 182 822.911 0.004 R{19}
R(21) 29 201 230.8817 0.004 R(21)
R(23) 29 239099.256 0.004 R{23)
R(256) 29 276 224.829 0.004 R(25)
R(27) 29 312604.164 0.004 R(27}
R(29) 29 348 233.592 0.004 R(29)
R{31) 29 383 109.209 0.006 R{31}
R{33) 29417 226.870 0.006 R(33)
R{35] 29 450 582.191 0.008 R(35)
R{37} 29 483170.838 0.009 R(37)
R(39) 29 514 987.027 0.012 R(39)
A(41] 29 546 028.518 0.014 A(41)
A(43} 29576 283.610 0.018 R{a3)
R(45) 29 605 752.638 0.023 R{45]
R(47) 29 634 427.664 0.0 Ri47}
R(49) 29 662 302.477 0.043 R(49)
R(51) 29 689 370.679 0.0681 A(51)
R{53) 29715626.188 0.086 R(53}

30 218 162.421
30 285 473.467
30 352 076.651
30 417 964.675
30 483 130.033
30 547 586.015
30611 266.712
30 674 222.629
30 736 430.087
30 797 882.228
30 858 573.026
30 918 496.788
30 977 848.062
31 036 021.641
31093 612.568
150 416.141
31 206 427.914
31261 643.708
31 316 069.805
31 369 671.960
31422 477.400
31474 472.824
31 525 655.413
31576 022.624
31625 572.197
31 674 302.158
31722 210.807
31 769 286.743
31 838 380.680
31 883 406.547
31 927 806.025
31970 978.995
32013527.621
32 065 251.354
32 096 160.925
32 136 227.360
32 176 481.922
32213 916.214
32 2561 532.072
32 288 331.818
32 324 317.236
32 359 491.684
32 393 867.583
32 427 418.408
32 480 177.480
32 492 138.513
32 523 305.403
32 553 682.329
32 683 273.694
32612084.132
32640 118.498
32 667 381.866
32 693 879.523
32719 616.95€
32 744 599.852

w
-
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also included in the fit the Fourier transform measurements of Bailly e al. (17) for
the 0092-00°1 band which extends to J = 92. Those measurements aid in the deter-
mination of the rotational and centrifugal distortion constants but they do not con-

tribute to the determination of the band centers for the laser transitions.

The least-squares fit of the transitions uses the

E=G, +BlJ(J+ D] -DJJJ+ D>+ H[JJ+ D],

and

vo=G,—G,.
The observed transitions are then given by

Vops = E' — E”

equations

(2)

(3)

(4)
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TABLE VI

Calculated Wavenumbers for the 00°2-[10°1,02°1], and 00°2-
[10°1,02°1],; Bands of '*C'%Q, with the Estimated 1-¢ Uncertain-

ties
10-pm Band 9-um Band
Line  Wavenumber(Unc)* Line  Wavenumber(Unc)
(cm™) (cm™)

P(55) 906.973 702 4{37) P(55) 1007.969 400 8{322)
P53]  909.178 936 2(25) P(53} 1010.214 55 5(242)
P(51}  911.358 159 5(17} PI51)  1012.436 298 5(179)
Pi{49) 913.511 657 7(11) P(491  1014.634 083 1129}
P{47) 915.639 306 4(7) P{47) 1016.807 768 8(91)
P{45) 917.741 571 6(4) P{45) 1018.957 121 8(62}
P{43) 919.818 509 6(2} P{43) 1021.081 915 0(41}
P(41)  921.870 267 B(2) P(41)  1023.181 928 4(26)
P(39) 923.896 984 2(2) P(39) 1025.256 949 2(15|
P(37)  925.898 788 4(2) P37}  1027.308 771 9(8}
P{35)  927.875 800 8(2) PI35)  1029.331 199 0{4)
P{33) 929.828 133 6(2) P(33} 1031.330 040 6(2)
P(31} 931.755 890 4(2) P{31) 1033.303 114 7(2)
Pi28} 933.659 166 6(1) P{29)  1035.250 247 7{2)
P{27) 935.538 049 7(1) P(27) 1037.,171 274 3(2}
P{25) 937.392 619 01} P(25)  1039.086 037 6(2}
P(23) 939.222 945 B{1} P(23) 1040.934 389 2(2)
P(21)  941.029 094 1{1) P(21)  1042.776 189 8(2)
P{19)  942.811 119 8(1) P{19) 1044.591 308 7(2)
P(17)  944.569 071 4(1) P(17) 1046.379 624 4{2}
P(15) 946.302 990 1{1) P(156}  1048.141 024 3(2)
P(13)  948.012 909 4(2) P(13)  1049.875 404 9(2)
P(11}  949.698 855 8(2) P(11}  1051.682 672 3(2)
P{9)  951.360 848 2(2) PI9)  1053.262 741 6(2)
(7} 962.998 898 5(2) Pl 7) 1054.916 537 5(2)
P{5)  954.613 011 4(2) P(6)  1056.540 994 0(2)
P{3) 956.203 184 5{2} P 3) 1058.139 054 8{3)

P{ 1) 957.769 408 2{2) P( 1) 1069.709 672 3(3}
R{1)  960.073 800 3(2) R{1)  1062.014 064 4(3)
R{ 3) 961.580 062 3(2) R{ 3) 1063.615 932 3(3)
R{ 5) 963.062 285 6(2} R( 5) 1064.990 268 2(2)
Ri7) 964.520 429 142) R(7) 1066.437 068 1(2)
R( 9} 965.954 444 0(2) A( 9} 1067.858 337 5(2)
R{11) 967.364 274 8(2) Ri11)  1069.248 091 4(2)
R(13} 968.749 858 8(1) R(13} 1070.612 354 3(2}
R(15)  670.111 125 7{1} R(16)  1071.348 169 9(2)
RI17)  971.447 998 5{1} Ri17) 1073.258 551 5{2)
R(19) 972.760 392 5(1) R{19) 1074.540 581 5(2}
R{21)  974.048 215 7(1) RI21) 1075.795 311 4{2)
R(23) 975.311 368 8(1) R{23}) 1077.022 812 1{2)
R{25) 976.549 744 8(1) R(25) 1078.223 163 1(2)
R(27) 977.763 228 6(1) R{(27} 1079.396 453 2(2)
R(29} 978.951 698 4(1) R(29] 1080.542 779 5(2)
R(31) 880.115 023 7(2) R(31} 1081.662 248 1(2}
R(33) 981.253 086 4(2) RI33) 1082.754 973 6(3)
R(38} 982.365 680 2(3) R{35) 1083.821 078 45}
R(37)  983.452 710 4(3) R(37) 1084.860 694 0{9]
R{39} 984.613 994 2(4) R(39) 1085.873 969 1(16)
Ri41) 985.549 360 2(5) R(41} 1086.861 020 8(286)
Ri43) 986.568 628 2(6) Ri43) 1087.822 033 §{42}
R(45) 987.541 609 1(8) R(45) 1088.767 159 4(83)
Ri47) 988.498 106 1(10} R{47) 1089.666 567 5(92)
R{a9) 989.427 908 7{14) Ri49)  1090.560 434 2{130)
R(51) 990.330 803 4(20) R(51} 1091.408 942 5(180}
R(S3) 991.2086 562 9{29} RIS3]  1092.242 282 2{243}

® The uncertainty in the last digits is given in pareatheses.

All of the heterodyne frequency calculations are based on the latest values for the
CO, laser frequencies (9). The least-squares fit used to determine the constants given
in Table III and used for calculating the laser transition frequencies given in Tables
V and VI is the same as the fit used in Ref. (9), except that these transitions are added
to the database. For the heterodyne measurements, only the frequency differences
(from the regular CQ, laser transitions) are used in the fit.

The constants resulting from this fit are given in Table III and compared with the
constants determined by earlier FTS measurements (/7-19). Table IV gives the ab-
solute value of the frequencies, with respect to the ground state, of the three vibrational
energy levels involved in the laser transitions. Table IV also gives the rotational con-
stants for the ground state as determined by the present fit.



FREQUENCY MEASUREMENTS OF CO, SEQUENCE BAND TRANSITIONS 241

The present constants are in good agreement with the earlier determinations, in-
cluding the constants given by Siemsen and Whitford (4), but are much more accurate.
These new measurements, when coupled with the frequency measurements of Groh
et al. (16), give frequencies of the transitions from the ground state to the 00°2,
[10°1,02°1];, and {10°1,02°1]y, levels that have absolute uncertainties on the order of
0.2 MHz (0.000007 cm ™).

Tables V and VI give the calculated values for the first sequence band laser transitions.
The uncertainties given in Tables V and VI are calculated from the variance-covariance
matrix elements given by the least-squares fit.

CONCLUSIONS

With the sequence band laser stabilized to the saturation dip of the 4.3-um fluo-
rescence, we measured the frequencies of 68 00°2-[10°1,02°1],; sequence band tran-
sitions. The frequencies of the fluorescence-stabilized sequence band lasers are now
known within 20 kHz accuracy. We also obtained accurate molecular constants by a
least-squares fit of the data of all of the new measurements. 9R(21) cannot be used
as a reference due to the overlapping with the R(35) line of the [11'1,03'1]-
{21'0,13'0,05'0], band. In addition, the frequency of R(35) of the [111,03'1]-
[21'0,13'0,05!0]; band was determined accurately. The frequency stability and re-
producibility of the fluorescence-stabilized, sequence-band laser enhance its use for
either high-resolution spectroscopy or precision calibration bench marks in heterodyne
spectroscopy. By coupling with the sub-Doppler heterodyne frequency measurements
of the [10°1,02°1],-00°0 transitions, we can accurately determine the absorption fre-
quencies of the transitions from the ground state to the 00%2, [10°1,02°1];, and
[10°1,02°1);, levels to an accuracy of +0.2 MHz as well as the rotational constants of
the ground state.
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